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Abstract
Dealing with volumetric radioactive sources of diverse matrices and sizes is an inevitable task for any gamma spectrometry
laboratory. This multiplicity in the source configuration is required to be measured make creating a standard source for each source
configuration infeasible. One way to reduce the necessary number of standard sources is to use the self-shielding factor (at a certain
energy defined as the fraction of the photon engendered at such energy that is needed to escape the source intact) to allow the use
of sample sources of different matrices and sizes than the standard source. This work is concerned with the direct mathematical
calculation of the self-shielding factor of cylindrical sources of various radii and heights in the energy range from 10 keV to 1 MeV
with a NaCl matrix.
© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
ficiencyKeywords: Self-shielding factor; Volumetric sources; Gamma ray; Ef
1.  Introduction
For each gamma spectrometry measurement, a cal-
ibration process that accounts for each detail of the
measurement is required. The most accurate method to
achieve calibration is the experimental method, which
proceeds by performing an extra controlled measure-
ment using a standard source that mimics the measured
source in every aspect. While this process is justified
for frequently measured radioactive source types, this
becomes difficult work as it involves the construction of∗ Corresponding author. Tel.: +20 1113398479; fax: +20 33911794.
E-mail address: DrKrar@gmail.com (M.E. Krar).
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new standard sources. In most cases, the task of standard
source construction is difficult and expensive to perform,
and in certain cases, it is simply impossible [1,2].
Previously, Furci et al. showed that the use of the
self-shielding factor is justified to account for the dis-
crepancies between the standard and measured sources
[1]. The present work presents an effort to help resolve
the problem of constructing a standard source for each
measurement configuration by means of mathematical
calculation. The self-shielding factor for some radioac-
tive cylindrical sources using a NaCl matrix is computed
to account for the discrepancies between the standard
source and the measured sources in terms of the dimen-
sions.
The self-shielding factor for a radioactive source is
defined as the ratio between the number of photons leav-behalf of Taibah University. This is an open access article under the
ing the source with the self-shielding effect present to
the number of photons leaving the source without the
source self-shielding effect present [2].
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Fig. 1. Cylindrical source showing an infinitely small element located
at height “Z” that is off-axis from the source axis of symmetry by a
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Assuming the source is isotropic, the probability that a
photon generated within a source element emerged from
the source without interaction is given by (Table 1):istance “ρ” and is at an incline angle with the XZ plane “ω”.
.  Mathematical  viewpoint
The self-shielding impact for a radioactive source
egarding photons of a certain energy is dependent on
he dimensions and matrix of the volumetric source.
n the current treatment, we will assume that there are
nly uniformly distributed sources (such as the most of
ractical standard sources) in terms of both matrix homo-
eneity and radioactivity distribution. In such cases, the
elf-shielding factor is a function of only the source
imensions and the total attenuation coefficient of the
atrix to the particular photon energy.
Consider a cylindrical radioactive source of radius
R” and height “L” having a total attenuation coefficient
μ” for photons with energy “E”. The source can be
anipulated as a collection of infinitely small elements,
ach treated as a point source [3]; by the use of the tech-
ique of cylindrical coordinates, the element location is
xed by the element height “Z”, off-axis “ρ” and the
olar angle “ω”, as shown in Fig. 1.
A photon engendered in a point source element
within the source matrix) in a certain direction would
ravel through the source matrix during its journey;
ne fate of the photon is that the trip ended with the
hoton emerging from the source without any inter-
ction with the source material. However, such a fate
oes not always occur, and the probability that this fate
ccurs is dependent on the attenuation coefficient “μ”
which can be obtained for the energy of interest forFig. 2. A cylindrical source diagram showing the source dimensions
and the boundary polar angles.
miscellaneous material [4]) and the photon path length
through the source “d” and is given by the following
expression [5].
P  = exp(−μd) (1)
The direct mathematical method [6] shows that the
photon path length through the source “d” can be
expressed as a function of the element source loca-
tion and the photon direction conveyed as the polar and
azimuthal angles “θ” and “ϕ”, respectively (Fig. 2).
There are three distinct routes:
1. Through the source bottom “d1”
d1 = Z|  cos θ| (2)
2. Through the source side “d2”
d2 = ρ cos ϕ  +
√
(ρ  cos(ϕ))2 +  R2 −  ρ2
sin(θ) (3)
3. Through the source top (d3)
d3 = L −  Z (4)Pelement = 14π
∫ π
0
∫ 2π
0
(e−μd(θ,ϕ))dϕ  sin θ  dθ  (5)
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Table 1
The definition of the path length “d” according to the boundary polar and azimuthal angles.
θ ≤ θ1 θ1 ≤ θ ≤ θ2 θ2 ≤ θ ≤ θ3 θ1 ≤ θ ≤ θ2 θ1 ≤ θ
0 ≤ ϕ ≤ 2π ϕ ≤ ϕmax ϕmax ≤ ϕ 0 ≤ ϕ ≤ 2π ϕ ≤ ψmax ψmax ≤ ϕ 0 ≤ ϕ ≤ 2π
d(θ, ϕ) = d1 d(θ, ϕ) = d1 d(θ, ϕ) = d2 d(θ, ϕ) = d2 d(θ, ϕ) = d2 d(θ, ϕ) = d3 d(θ, ϕ) = d3
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Fig. 3. Self-shielding factor versus the photon energy for sodium chlo-
ride matrix based sources of varying radii and at a height of 0.5 cm.
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The azimuthal boundary angles are given by:
ϕmax =  cos−1
(
Z2 tan2(θ) +  ρ2 −  R
2ρZ  tan(θ)
)
,
ψmax =  cos−1
(
(L −  Z)2 tan2(θ) +  ρ2 −  R
2ρ(Z  −  L) tan(θ)
)
(6)
The polar boundary angles are given by:
⎧⎪⎨
⎪⎩
θ1 = tan−1
(
R − ρ
Z
)
θ3 = π2 − tan
−1
(
R + ρ
Z
)
θ = tan−1
(
R + ρ)
θ = π − tan−1
(
R − ρ) (7)
2
Z
4 2 Z Fig. 7. Self-shielding factor versus the photon energy for sodium chlo-
ride matrix based sources of varying heights and at a radius of 0.05 cm.
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[ig. 9. Self-shielding factor versus the photon energy for sodium chlo-
ide matrix based sources of varying heights and at a radius of 0.6 cm.
he self-shielding factor “FS” can be obtained by aver-
ging the probability given in Eq. (5) over the source
olume.
S =
2
∫ L
0
∫ R
0 Pelementρ  dρ  dZ
R2L
(8)
.  Results  and  discussion
The self-shielding factor was calculated based on Eq.
8) using software package PTC Mathcad Prime 3.0©.
he obtained results were arranged in such a way as
o facilitate the examination of the effect of the varia-
ion of source dimensions by dividing the results into
wo groups: the first group inspects the effect of varying
he source height, while the second group inspects the
ffect of varying the source radius on the self-shielding
actor.
[ matrix based sources of varying heights and at a radius of 0.4 cm.
The overall trend shows that the impact of the
source shielding effect (lower self-shielding factor “FS”)
is immensely exaggerated with the decrease of the
photon energy and is very significant for photon energies
lower than 100 keV. While increases in both the radius
and the height of the source increase the impact of the
shielding effect, the variation in the source radius is a
more influential factor (Figs. 3–9).
4.  Conclusions
Currently, due to the wide variety of radioactive sam-
ples that need to be measured, the use of the pure
experimental method is not always practical, especially
for configuration sources that are rarely encountered.
The present work represents an effort to help to extend
the validity of a standard source to accommodate
samples of varying dimensions. The direct mathemat-
ical method was manipulated to calculate the source
self-shielding factor “FS”. The results illustrated the sen-
sitivity of the self-shielding effect on the variation of
the dimensions of sources that have the radius as the
main influential factor. The effect of source shielding is
very important in the low energy range, and the sen-
sitivity to variation in the source dimensions is quite
noticeable.
References
1] H. Furci, M. Arribere, S.R. Guevara, Self-shielding corrections
in cylindrical samples in gamma spectrometry with germanium
well-type detectors, Nucl. Instr. Methods Phys. Res. A 705 (2013)
132–139.
2] N. Tsoulfanidis, Measurement and Detection of Radiation, second
ed., Taylor & Francis, Landon, UK, 1995, pp. 641.
ah Uni
[
[
[
[6] M.I. Abbas, Analytical approach to calculate the efficiency of 4270 M.E. Krar, K.F. Milad / Journal of Taib
3] M. Badawi, M. Krar, A. El-Khatib, S. Jovanovic, A. Dlabac, N.
Mihaljevic, A new mathematical model for determining full-energy
peak efficiency of an array of two gamma detectors counting rect-
angular parallelepiped sources, Nucl. Technol. Radiat. Prot. 28 (4)
(2013) 370–380.
4] J.H. Hubbell, Review and history of photon cross section calcula-
tions, Phys. Med. Biol. 51 (July (13)) (2006) R245–R262.versity for Science 10 (2016) 266–270
5] G.F. Knoll, Radiation Detection and Measurement, third ed., Wiley,
New York, 2000, pp. 116–118.NaI(Tl) gamma-ray detectors for extended sources, Nucl. Instr.
Methods Phys. Res. Sect. A: Accel. Spectrom. Detect. Assoc.
Equip. 615 (March (1)) (2010) 48–52.
